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1

IDENTIFICATION OF AIR LEAKS IN A
COMPRESSED AIR SYSTEM USING A
PLURALITY OF CURRENT MEASUREMENT
SENSORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/543,394 filed on Aug. 10, 2017, the
contents of which are hereby incorporated by reference.

TECHNICAL FIELD

The present disclosure relates generally to systems using
compressed air, and more specifically to the identification of
air leaks 1n systems making use of compressed air using
seli-powered power sensors.

BACKGROUND

Compressed air systems are frequently used in various
industrial or commercial facilities such as hospitals and
factories. The energy consumed by such systems 1s substan-
tial and may constitute a significant portion of the total
energy consumption of such facilities. In a factory, for
example, a compressed air system can contribute up to 40%
of the total energy consumption. Air leaks within the system
contribute to lost efliciency, and are a common phenomenon
typically found within the compressed air system at coupling
points, hoses tubes, valves, and other such parts typically
found within such a system.

Air leaks may account for significant amounts of wasted
energy, and can reach up to 50% of the total compressor
production capacity in untreated facilities. Although leaks
exist 1n almost every air compression system at some level,
proper detection and repair of such leaks can reduce the lost
elliciency to below 10%. This in turn results 1n significant
energy savings and thus reduces operational costs. Leak
detection further adds value 1n maintaining operational
elliciency of a facility. A leak may cause an air compressor
to cycle more frequently and therefore shorten the life of the
equipment as well as increase maintenance cost due to
unscheduled repair calls. Moreover, a large leak may lead to
a complete failure of the system, causing total downtime
which can result 1n a much-reduced productivity of a facility.
Productivity reduction may also be related to the fact that the
tools using the compressed air systems work less effectively
with a leak, which often causes a drop 1n the overall system
pressure.

Detecting air leaks 1s challenging and may require
advanced sensing capabilities, domain expertise in com-
pressed air systems and intimate knowledge with a specific
site’s system architecture. Some of the existing analytical
methods to detect air leaks include non-direct approaches,
such as an analysis of monthly energy bills to discover leaks
by growing energy consumption that does not match manu-
facturing reports. This method 1s prone to false alarms, as
there can be other causes of energy loss besides air leaks.
Another method mvolves starting the compressor repeatedly
when there are no demands on the system and measuring the
average time 1t takes to load and unload the compressor. This
method 1s time consuming and requires interrupting the
tacility’s regular routine. A more accurate method to detect
leaks 1s to physically inspect the site using special ultrasonic
acoustic detectors which can recognize the high frequency
hissing sounds associated with air leaks. An ultrasonic
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acoustic detector comprises directional microphones, ampli-
fiers, audio filters, and earphones, and requires technicians
trained 1n operating such gear. Additionally, 1t can often take
a long time to detect even very large leaks, and by the time
the leak 1s detected, significant losses have already occurred.
Thus, such a method, while somewhat accurate, 1s both
costly and time consuming.

It would theretfore be advantageous to provide a solution
that would overcome the challenges noted above.

SUMMARY

A summary of several example embodiments of the
disclosure follows. This summary 1s provided for the con-
venience of the reader to provide a basic understanding of
such embodiments and does not wholly define the breadth of
the disclosure. This summary 1s not an extensive overview
of all contemplated embodiments, and 1s intended to neither
identify key or critical elements of all embodiments nor to
delineate the scope of any or all aspects. Its sole purpose 1s
to present some concepts of one or more embodiments 1n a
simplified form as a prelude to the more detailed description
that 1s presented later. For convenience, the term “certain
embodiments” may be used herein to refer to a single
embodiment or multiple embodiments of the disclosure.

Certain embodiments disclosed herein include method for
identification of air leaks 1n a compressed air system. The
method comprises receiving system data including current
samples of air compressors of the compressed air system
from at least one seli-powered power sensor; aggregating
the system data; dividing the aggregated system data into a
plurality of clusters; merging overlapping clusters to reduce
the number of clusters to two clusters, wherein a first cluster
represents a baseload current and a second cluster represents
a full-load current; determining the baseload current to
tull-load current ratio and comparing the ratio to a prede-
termined standard; and determining if an air leak 1s present
if the ratio 1s above the predetermined standard.

Certain embodiments disclosed herein also include an
apparatus for identification of air leaks 1n a compressed air
system. The apparatus comprises a processing circuitry; and
a memory, the memory containing instructions that, when
executed by the processing circuitry, configure the apparatus
to: recerve system data including current samples of air
compressors of the compressed air system from at least one
self-powered power sensor; aggregating the system data;
divide the aggregated system data into a plurality of clusters;
merge overlapping clusters to reduce the number of clusters
to two clusters, wherein a first cluster represents a baseload
current and a second cluster represents a full-load current;
determine the baseload current to full-load current ratio and
compare the ratio to a predetermined standard; and deter-
mine 1f an air leak 1s present 1t the ratio 1s above the
predetermined standard.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter disclosed herein 1s particularly pointed
out and distinctly claimed 1n the claims at the conclusion of
the specification. The foregoing and other objects, features,
and advantages of the disclosed embodiments will be appar-
ent from the following detailed description taken in con-
junction with the accompanying drawings.

FIG. 1 1s a schematic diagram of a compressed air system
adapted for idenftification of air leaks by unsupervised
machine learning using a plurality of current sensors accord-
ing to an embodiment.
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FIG. 2A 1s a current consumption versus time chart of a
first exemplary air compressors of a compressed air delivery

system.

FIG. 2B 1s a current consumption versus time chart of a
second exemplary air compressors of the compressed air
delivery system.

FIG. 2C 1s a current consumption versus time chart of a
third exemplary air compressors of the compressed air
delivery system.

FIG. 2D 1s current consumption versus time chart that
combines the current consumptions shown in FIGS. 2A, 2B
and 2C.

FIG. 3A 1s a current consumption versus time chart of a
system demonstrating stable behavior between baseload and
workload.

FIG. 3B 1s a current consumption versus time chart of a
system demonstrating unstable behavior between baseload
and workload.

FIGS. 4A, 4B and 4C are a single tlowchart of a method
for detection of air leaks 1n a system delivering compressed
air according to an embodiment.

FIG. 5 1s a current consumption versus time chart of a
total load of an air compressor system.

FIG. 6 1s a histogram of current consumptions values after
processing using a Gaussian Mixture Model (GMM) accord-
ing to an embodiment.

FI1G. 7 1s a diagram of the baseload detection according to
an embodiment.

FIG. 8 1s a diagram of a baseload trend according to an
embodiment.

FIG. 9 15 a flowchart of a method for detection of an air
leak 1n a segment of air pipes according to an embodiment.

FIG. 10 1s an example diagram of a self-powered power
sensor (SPPS) according to an embodiment.

DETAILED DESCRIPTION

It 1s 1mportant to note that the embodiments disclosed
herein are only examples of the many advantageous uses of
the innovative teachings herein. In general, statements made
in the specification of the present application do not neces-
sarily limit any of the various claimed embodiments. More-
over, some statements may apply to some inventive features
but not to others. In general, unless otherwise indicated,
singular elements may be 1n plural and vice versa with no
loss of generality. In the drawings, like numerals refer to like
parts through several views.

The various disclosed embodiments include a method and
apparatus for detecting air leaks 1n a compressed air system.
A compressed air system of air pipes delivers compressed air
from one or more air compressors to one or more loads
connected to the air pipes. In order to detect air leaks from
the air pipes, a plurality of current sensors, e.g., seli-
powered power sensors (SPPSs), are used to measure peri-
odically the current consumption by the air compressors.
The current samples are processed using machine learning
techniques to establish a baseload and a full-load model of
the system and determining therefrom by a ratio or trend
whether there 1s an air leak 1n the system. The machine
learning includes Gaussian Mixture Model (GMM), linear
regression and threshold analysis.

Advances 1n Internet of Things (IoT), in data analytics,
and 1n energy sensing technologies allow for advanced and
cost-eflective collection and analysis of data at a device level
on a continuous and immediate basis. For example, one of
the most advanced technologies in this field i1s the seli-
powered power sensor (SPPS), which 1s a non-invasive
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wireless current sensor and 1ts related analytics cloud plat-
form. An example implementation of the SPPS can be found

in U.S. Pat. No. 9,134,348 titled “Distributed Electricity
Metering System” and U.S. Pat. No. 9,678,114 titled “Appa-
ratus and Methods Thereot for Error Correction 1n Split Core
Current Transformers™, both assigned to common assignee
and which 1s hereby incorporated by reference. According to
an embodiment, such technologies can be adapted to moni-
tor individual compressor units, large or small, or to com-
pressed air systems or racks which include several stacked
compressors. By applying an SPPS solution, 1t 1s possible to
collect granular real-time energy consumption data of indi-
vidual compressed air systems.

In theory, the obtained energy or current data of the
system can be used to detect air leaks, but the analytical
process olten requires the skills of a human analyst moni-
toring the data patterns on an ongoing basis and using
domain knowledge to identily anomalies. Although some of
the new technological advances may reduce the installation
time and costs needed to collect the data, a dedicated human
analyst resource 1s oiten not available. One possible
approach 1s to automate the process by setting thresholds on
the data to produce alerts. Such thresholds in the energy
level can be fine-tuned to represent a suspected air leak.

While plausible, this 1s a cumbersome process, as the
thresholds still must be determined by a human analyst on a
device by device basis. Moreover, as will be described
below, even at the individual system level, the energy pattern
1s oiten not deterministic and a threshold 1n the energy level
1s 1nsuflicient to detect an air leak. Another acute problem 1s
that since energy consumption 1s usually aflected by load, 1t
1s often found that no fixed threshold can actually difleren-
tiate between a legitimate energy increase that 1s a result of
a manufacturing load and an energy increase that 1s a result
of one or more air leaks.

According to an embodiment, a solution requires only a
current sensor, €.g., SPPSs, and uses unsupervised machine
learning, without the need for a human to review the data
and set up thresholds. The use of such an unsupervised
approach 1s a key to scale up the application of air leak
detection and remove the human factor from the equation. A
further description of an unsupervised approach for deter-
mining the operational state of the device using current
readings can also be found 1 U.S. patent application Ser.
No. 15/449,187, titled “System and Methods Thereof for
Determination of a Device State Based on Current Con-
sumption Monitoring and Machine-Learning Thereot,”
assigned to common assignee, and which 1s incorporated
herein by reference for all that it contains.

This approach 1s useful for detecting 1f a device 1s 1 a
certain operational state (such as “On” or “Ofil””). However,
compressed air systems possess much more complex behav-
1or. When an air leak evolves, 1t impacts the base consump-
tion of the system, where the base consumption 1s defined as
the air consumption when no actual load 1s consuming
compressed air. For example, mm a factory this can be
described as the consumption of the system when all the
machines that use compressed air are turned off. It 1s
therefore ditlicult to detect such air leaks when the system 1s
operational or being used, as the overall energy pattern 1s a
superposition of the leak and the operational current. Since
the operational current may vary significantly as a function
of the actual load on the system, 1t 1s not possible to separate
the leak current from the operational current. Therefore, to
characterize a leak, it 1s beneficial to measure the current
consumption when the system 1s not operational such as, for
example, during mights or weekends. According to an
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embodiment, this consumption should be noted as the base-
load consumption of the system.

Tracing the actual baseload consumption periods typically
requires close familiarity with each facility’s routine sched-
ule and with exceptional occasions that include, but are not
limited to, extra hours, holidays, planned and unplanned
shutdowns and the like. According to an embodiment an
unsupervised approach that uses only periodic current mea-
surements 1s used to identily the baseload consumption
periods. However, the baseload consumption does not nec-
essarily represent the leak entirely. It 1s likely to be, similar
to consumption during operating times, a superposition of
other consumptions that are related to some natural pressure
loss, peripherals of the system, such as control circuits, or
other electricity consuming circuits. In that sense, the mere
existence of a baseload consumption does not necessarily
indicate the existence of an air leak. Instead, an air leak
would be suggestive only when baseload consumption not
only exists, but also exceeds industry standard for normal
baseload consumption, for example, but not by way of
limitation, at 10% ot the full-load.

FIG. 1 1s a schematic diagram of a compressed air system
100 adapted for i1dentification of air leaks by unsupervised
machine learning using a plurality of current sensors accord-
ing to an embodiment. A main powerline 105 feeds a
plurality of air compressors 120, for example, air compres-
sor 120-1 through 120-M, where M 1s an mteger equal to or
greater than 1, collectively referred to as air compressor 120
or air compressors 120. Note that while the diagram shows
a single-phase supply, the solution may be adapted for a
3-phase solution or other potential supply systems without
departing from the scope of the disclosure herein.

An SPPS 110-0 may be connected on the main powerline
105 and configured to measure the current flowing through
all of the air compressors 120 feeding from the main
powerline 105. Without limiting the scope of the disclosed
embodiment, an SPPS 110 may be placed on the powerline
of each individual air compressor 120, for example air
compressor 120-1, and apply the disclosed system 100
individually to each compressor. Moreover, it 1s possible to
place a single SPPS 110 on each compressor power line and
aggregate the individual SPPS 110 readings to obtain the
total current consumption. Air pipes 125-1 to 120-M, where
M 1s an integer equal to or greater than 1, collectively
referred to as air pipe 125 or air pipes 125, lead to loads
130-1 to 130-N and 135-1 to 135-I, where N and I are
integers equal to or greater than 1, that make use of
compressed air throughout the facility, and may further
include valves, such as valves 150, 160 and 170, that may
control the flow of air within the pipes 125 as well as into
the loads 130 and 135, for example, L, , through L, ,,, where
N 1s an integer equal to or greater than 1, and L, through
L., where I 1s an integer equal to or greater than 1. A
controller 180 may be used to control the valves, wired (as
shown) or wirelessly (not shown) to determine the air flow
within the pipes 125 and into the various loads 130 and 135.
For example, the controller 180 may control the valve 170
so that all compressors connected to the pipes 125 supply
compressed air through the pipes to the loads 130 and 135.
However, the controller 180 may control the valve 170 so
that the system 1s in fact separated such that the air com-
pressor 120-1 supplies compressed air only to pipes 125-1
while air compressor 120-M supplies compressed air only to
pipes 125-M.

Depending on the structure and placement of valves,
control over the routing of airtlow throughout the pipes 1235
may be achieved. A management unit 190 may be wirelessly
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connected to the plurality of SPPSs 110 using one or more
antennas 196, for example antennas 196-1 through 196-],
where I 1s an 1mteger equal to or greater than 1, collectively
referred to as 196. The management unit 190 may further
include a processing circuitry 192 connected to a receiver
198, which 1n turn 1s connected to the antennas 196, and
further connected to a memory 194 storing instructions
therein, the memory 194 communicatively connected to the
processing circuitry 192. The execution of the instructions
by the processing circuitry 192 configures the management
unit 190 to perform unsupervised machine learning that 1s
adapted to learn about air leaks using a plurality of current
measurements recerved from the plurality of SPPSs 110.

While a management unit 190 1s described herein, this
should not be viewed as a limitation on the disclosed
embodiment and other embodiments are possible, including
a bridge (not shown) having one or more antennas 196, the
bridge communicatively connected to a network (not shown)
to which a server (not shown) 1s connected and where the
server performs the machine learning tasks. In one embodi-
ment, a cloud-based implementation of the management unit
190, or portions thereof, 1s employed where, for example,
the processing take place on a cloud-based server. In a
turther embodiment, a plurality of like bridges may be used
that are all communicatively connected, for example using
a wired or wireless network or a combination thereof, to the
server. While the management unit 190 1s described as
communicating with SPPSs 110 wirelessly, wired embodi-
ments are also possible and are within the scope of the
disclosure.

FIGS. 2A, 2B, 2C and 2D show example graphs 210-230
of typical compressed air patterns. FIGS. 2A, 2B and 2C
show the current time-series of three air compressors within
one system over a time period of a month, 1.e., the horizontal
axis represents time and the vertical axis represents current
consumption. FIG. 2D shows a graph 240 of the stacked
view of all three air compressors, reflecting the system’s
total current. While operating, each air compressor’s current
varies significantly. Yet, the stacked view in FIG. 2D sug-
gests that the different air compressors are operating inter-
changeably, roughly forming a pattern of rather long “tull-
load” periods separated by shorter low-power “base-load”
periods, which can be inferred to represent working periods
versus weekend off hours. Note that this schedule 1s not
cvident when looking at each air compressor separately.
Therefore, as an air leak 1s a system characteristic rather than
one of any one individual compressor, 1t i1s essential to
address the case of stacked compressors supporting a single
compressed air system.

FIGS. 3A and 3B show examples graphs 310 and 320 that
represent a stable base load and an evolving base load,
respectively, according to an embodiment. The graphs depict
total current consumption over a 3-month period 1n two
air-compressor systems. Both plots share the general char-
acteristic of shifts between low-current periods, reflecting
baseload, and high-current periods, reflecting a workload.
Nevertheless, there 1s a clear distinction between the base-
load depicted 1n FIG. 3A and the one depicted 1n FIG. 3B.
While baseload current 315 shown in FIG. 3A 1s rather
stable during the 3-months period, the baseload 325 shown
in FIG. 3B i1s unstable and seems to gradually increase,
likely reflecting an evolving air leak. This 1s representative
of the tendency of an air leak with such a system to develop
over time. A hole 1n an air pipe may begin as a small hole
and its size slowly grows over time. That can result in a
visible increase of the baseload current consumption. There-
fore, learning the evolution of the baseload over time can be
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used as a method to detect air leaks. According to an
embodiment, 1dentification of the baseline evolution
assumption using machine learning capabilities enables
carly detection of evolving air leaks when the waste of
energy and resources 1s still rather low, and further enables
the defining of severity and stability of existing leaks.
FIGS. 4A-4C are a single flowchart 400 of a process for
detection of air leaks 1n a system 100 delivering compressed
air according to an embodiment. The flowchart 400 includes
three main steps: data preparation 401, shown in FIG. 4A,
baseload detection 402, shown in FIG. 4B, and baseload

evaluation 403, shown 1n FIG. 4C.

The data preparation 401 includes system data extraction
and system data aggregation. Air compressor current mea-
surements are extracted and averaged to the required reso-
lution to reduce noise, in-rush currents, and currents of all air
compressors feeding the same air bank are summed per
time-stamp, 1.e., aggregated, so that a single time series
represents the total load on the air compressor system, as
shown 1n the graph 500 of FIG. 5. In an embodiment, data
intervals of 15 minutes are used. Periods 1n which the total
current 1s zero are omitted, to avoid biasing further analysis
by 1rrelevant values. Data 1s ready for the next component,
1.€., baseload detection 402, only if at the end of this short
process there 1s a large enough portion of the full period’s
potential data available for further analysis. Typically, but
not by way of limitation, at least one month of data 1s
required for the process to operate effectively and through-
out that period the system 100 should have been operational
(1.e., the SPPSs 110 provide actual current reading and not
zero) for at least 10% of the time.

The data preparation 401 begins at S405 where current
samples are received from one or more SPPSs 110 that
measure the current consumed by the air compressors of the
system, e.g., air compressors 120 of FIG. 1. At 5410, the
data collected 1s cleaned as discussed hereinabove. At S415,
it 1s checked whether the data 1s above a minimum threshold
value, e.g., 1f suflicient data point have been collected, and
it so execution continues with S425; otherwise, execution
continues with S420 where a notification of insuflicient data

1s provided and thereafter execution continues with S480.

The baseload detection 402 may begin with a Gaussian
Mixture Model (GMM) algornithm applied to the current
samples provided from the data preparation 401 step. The
GMM serves as an exemplary and non-limiting example of
unsupervised machine learming which clusters the current
measurements nto sub-populations, representing various
load levels of the air compressor system 100. To improve the
fit, and to overcome non-Gaussian distributions, the GMM
1s set to divide the data into a number of clusters. While
multiple clusters necessarily imply less data points per
cluster, further analysis 1s done only 11 at least one of the
clusters reaches a mimimal percentage of the dataset, since
analysis of negligible amounts of data might lead to unre-
liable conclusions. Setting the inclusion threshold takes this
tradeoil 1nto account. Next, widely distributed clusters of
noise are removed, and a sequential process of merging
overlapping clusters 1s applied, so that the number of clus-
ters 1s reduced to two—the “baseload” and the “full-load.,”
as depicted i FIGS. 6 and 7 below.

FIG. 6 depicts an exemplary and non-limiting GMM and
current values histogram graph 600. The plot shows the
Gaussians suggested by the GMM superimposed on a his-
togram of the data set. The horizontal axis indicates current
values (e.g., mn Amps), and the vertical axis represents the
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frequency within the dataset. The darker bars 610 and lighter
bars 620 are data clusters classified as “Baseload” and
“Full-load” respectively.

FIG. 7 shows the a graph 700 of the results of an
exemplary and non-limiting baseload detection. The hori-
zontal axis indicates the time (e.g., 15 minute units, over a
3 months period), and the vertical axis indicates the current
value (e.g., in Amps). The triangle classification 710 indi-
cates a “baseload” and the rectangle classification 720
indicates a “full-load”. Baseload detection 1s considered
reliable, only 11 “tull-load” clusters exist as well, and fur-
thermore—the “baseload” data points do not dominate the
dataset and do not exceed a maximal percentage threshold.
This limit 1s based on operational reality, assuming “basel-
oad” 1s usually not the frequent state of the air compressor
system.

Returning to FIG. 4, the baseload detection 402 begins at
S425, where a GMM 1s performed, as described herein, on
the current samples alter data preparation in step 401. At
S430, 1t 1s checked whether any cluster 1s above a minimum
threshold value (1.e., has reached at least a minimal percent-
age of the dataset) and if so, execution continues with S435;
otherwise, execution continues with S440 where a notifica-
tion 1s provided that no baseload was detected and thereafter
execution continues with S480. At S435, noise reduction 1s
performed as discussed heremnabove and at S445, overlap-
ping clusters are merged to avoid unnecessary duplication.
At S450, 1t 1s checked whether the baseload cluster 1s above
a maximum threshold (i.e., reaches a maximal percentage of
the dataset, which 1n turn means that a full load state does
not really exist) and i so, execution continues with S440;
otherwise, execution continues with S455.

Finally, once the baseload 1s successiully detected, the
ratio between the average baseload current and the average
tull-load current i1s calculated and compared to a predeter-
mined standard, e.g., an industry standard. Ratio values that
tall below the standard significantly indicate that there 1s an
air leak 1n the compressed air system 100. This represents a
case 1n which the baseload energy 1s significantly high such
that 1t 1s very likely that an air leak exists and there 1s a need
to immediately provide a notification 1 S470. I the ratio
between the baseload and the full load 1s below standard
according to S455, 1t 1s then possible to detect air leaks as
they evolve at a relatively early stage by assessing linear
regression between baseload current values and their corre-
sponding time-stamps, and calculating the correlation’s
p-value.

FIG. 8 shows an exemplary and non-limiting baseload
trend, or trendline, according to an embodiment. A final
positive “Air Leak™ classification may also be detected i1 the
trend 1s significant, both statistically and operationally. In an
embodiment, an “Air Leak™ classification 1s determined 1f
the p-value 1s above a predetermined threshold. A negligible
p-value assesses the statistical significance. From an opera-
tional perspective, the trend 1s considered significant 1t 1t 1s
positive, and the increase in baseload current over the
sampled period 1s large enough both relatively, and abso-
lutely. Theretfore, two more thresholds are set for the current
trend, these are a minimal percentage of growth, and a
minimal absolute value of growth over the sampled period.
As an example, and without limiting the scope of the
embodiment, an operationally significant trend can be an
increase ol 5% 1n baseload current over a period of one
month.

Returning to FIG. 4, the baseload evaluation 403 begins
subsequent to the baseload detection 402, by checking the
ratio between the baseload and the full-load to be above
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industry standard and 1s so, 1n S470 an air leak notification
1s provided after which execution continues with S480;
otherwise, execution continues with S460. At S460, a linear
regression 1s performed as described hereinabove. At S465,
it 1s checked whether there 1s a significant trend both
statistically and proportionally and 11 so execution continues
with S470; otherwise execution continues with S475. At
S475, a notification that no air leakage has been 1dentified 1s
provided. Such notification should be understood in the
context of air leaks in compressed air systems where no
leaks are assumed at a leakage level which 1s below a

predetermined leakage threshold. At S480, it 1s checked

whether additional current samples should be processed and
it so execution continues with S405; otherwise, execution
terminates. In an embodiment, the data received at S405
after each 1teration typically repeats the process while
amending the entire data collected or, in another embodi-
ment, a portion thereof, for example, a last period of the
previously collected data. Furthermore, new data samples
collected may also be analyzed as an entirely new data set
and subsequently compared against previously analyzed
data sets.

Several thresholds may be fine-tuned according to a
desired outcome. Liberally set thresholds can improve sen-
sitivity and detection rate, the price being an increase of
false alarms. A stricter set of thresholds may improve
specificity and reduce false alarms, the price being in an
increase ol missed and undetected air leaks. Furthermore, in
a typical embodiment, one minute current readings over a
period of three months may be used 1n each iteration of the
system, which corresponds to approximately 130K data
points. To determine the thresholds, an 1nitial analysis may
be needed of several hundreds of units including tagging of
actual air-leak situations, which corresponds to a few billion
data points, hence clarifying the need for an automated
solution presented herein.

Such a large number of data points cannot be effectively
processed without a significant degree of automation. As an
example implementation, 1t 1s possible to detect a leak of a
particular dataset of a distribution center. Using the solution
described herein, 1t 1s possible to detect the baseload during
weekends, e.g., 1 1t 1s very high and growing. Within a
period of time, e.g., three weeks, 11 a baseload consumption
reaches a threshold, e.g., 40% of the full-load, 1t can be
determined that this energy was needed to supply some key
systems and keep the system up to pressure. This result
indicates a suspected air leak in the pipes of the system.

In an embodiment 1t may be possible to use the valves
(e.g., 150 and/or 160 and/or 170 of FIG. 1) to connect
various portions of the compressed air delivery system. For
example, valve 170 may separate the air pipes 125 into two
subsystems, air pipes 1235-1 and air pipes 125-M. In complex
layouts of air pipes, it may be advantageous to segment the
air pipes and check for leaks in various segments thereby
allowing directing towards a segment that exhibits leakage
characteristics. In a single facility, there may be a complex
and long network of air pipes and any assistance in directing
an vestigation to a leak 1n a more effective and ethicient
manner 1s beneficial. In such cases, baseloads and full-loads
may be determined for each segment without departing from
the scope of the disclosed embodiment.

Reference 1s now made to FIG. 9, which 1s a flowchart
S470 of detection and notification of an air leak 1n a segment
of air pipes according to an embodiment. The S470 notifi-
cation of an air leak shown in FIG. 4 1s replaced, according
to the embodiment, with the flow described herein.

10

15

20

25

30

35

40

45

50

55

60

65

10

At S470-10, a notification 1s provided at the beginning of
an air leak test.

At S470-20, a management unit, umt 190 of FIG. 1,
commands the controller 180 to segment the air pipes 125
into at least two segments by controlling air valves, e.g., air
valve 170 of FIG. 1 (which may be configured to separate
the air pipes into two separate subsystems 125-1 and 125-
M).

At S470-30, current measurement samples are collected
over a predetermined period of time, e.g., one week, for
detecting a baseload for each segment and comparing its
value to the corresponding baseload values previously
detected, which 1s performed 1n S470-40. The process for
such detection 1s sitmilar to the one discussed herein above
with respect of the entire air pipe system. This can be
achieved 1n a shorter period of time with less data samples
due to the knowledge previously obtained, for example, but
not by way of limitation, 1n the mitial analysis. Furthermore,
at S470-40 1t 1s determined in which of the segments (one or
more) there 1s an air leak.

At S470-50, a notification 1s provided as to the segment
or segments that show an air leak. At S470-60, the manage-
ment unit 190 1nstructs the controller 180 to return the air
pipes 125 to their normal operational state, thereby conclud-
ing S470. The flowchart S470 described with respect of FIG.
9 may be readily adapted to perform 1n additional embodi-
ments without departing from the scope of the disclosure.
For example, and without limitation, upon segmentation,
only a portion of the segments are tested for air leaks. If a
leak 1s found in one of these segments the leak has been
identified, otherwise, other air pipe segments are checked. In
yet another exemplary embodiment, each segment 1s
checked separately to 1dentily which one or more segments
are leaky. In yet another exemplary embodiment one seg-
ment of air pipes 1s switched ofl of the system and it 1s
checked whether the rest of the air pipes do not present air
leaks. Then, a conclusion can be made that the shut-off
segment 1s the one containing a leak. Such embodiments,
and other like embodiments, are straightforward adaptations
from the ones described herein and are well within the scope
of this disclosure.

FIG. 10 1s an example diagram of an SPPS 1000 accord-
ing to an embodiment. The SPPS 1000 includes a current
transformer (CT) 1003 having its primary winding accepting
the primary current 1002. It further includes an analog-to-
digital converter (ADC or A/D) 1005 that converts the
analog signal 1004 into a series of digital samples 1006

under the control of a clock or timer 1013 and a microcon-
troller (MC) 1007. The samples 1006 gathered by the ADC

1005 are processed by the MC 1007 and then, using the
transceiver 1009, processed information 1s transmitted using,
antenna 1016. An oscillator 1010 oscillates at a desired
frequency and feeds to the clock or timer 1013. U.S. Pat. No.
9,134,348 entitled “Distributed Electricity Metering Sys-
tem” and which 1s assigned to common assignee, describes
in further details such an exemplary SPPS. The power
sensed 1n that embodiment 1s used for three purposes: to
provide the power needed for the operation of the SPPS
1000; to detect the actual power consumption or current of
the load connected to the power line 1002; and to detect and
time stamp the phase of the current signal.

The following description 1s focused on the detection of
the actual power consumption of the load connected to the
power line 1002 and to the detection and time stamping of
the phase of the current signal. Specifically, to accurately
measure the power consumption of the load, 1t 1s necessary
to measure the power factor, which 1s a factor that contains




US 10,900,863 B2

11

information on the phase diflerence between the voltage and
the load current, as well as the distortion of the load current
and voltage from a pure sinusoidal wave. In standard power
measuring systems, voltage and current are simultaneously
measured by the same physical device and therefore the
relation between the two signals 1s easy to determine and
measure.

According to one embodiment, the mput current signal
(1.e., the signal sampled from the power line) 1002 1s
transformed by the current transtormer 1003 to an analog
signal 1004 which can be sampled by an ADC 1005 con-
nected to a microcontroller 1007. The analog signal 1004 1s
a periodic signal representing the load current with a fre-
quency equivalent to the grid frequency. Such a signal
typically 1s a sinusoidal or close to sinusoidal waveform, but
may also be highly distorted and include high-order har-
monics. Typically, the CT analog signal 1s a current signal
connected to a small resistor (e.g., a current sense resistor—
not shown 1n the figure). The voltage generated across the
sense resistor 1s then sampled by the ADC 1005.

The ADC 1005 can sample the mput signal 1004 with a
sampling clock 1012 which can be provided by the clock or
timer 1013. For example, this clock sampling 1012 can be
3,200 Hz when sampling 50 Hz signals. In one embodiment,
the clock or timer 1013 1s driven from a clock 1011 provided
by an oscillator 1010. The samples 1006 can be stored 1n the
MC 1007, for example, 1n a memory therein or a memory
connected thereto (not shown), for turther processing. In one
embodiment, the MC 1007 1s 1n standby mode when trig-
gered 1014 by the clock or timer 1013 to exit standby mode
and start processing. This trigger may be an iterrupt signal
provided by the clock or timer 1013.

When the MC 1007 wakes-up, the MC 1007 1s configured
to program the clock or timer 1013 and the ADC 10035 to
start sampling the signal 1004. The number of samples may
include at least a half cycle of the signal (e.g., 32 samples
when sampling a 50 Hz signal with a 3,200 Hz sampling
clock). Once the samples 1006 have been stored, the MC
1007 1s configured to process the samples to roughly esti-
mate the start of a cycle (Ts) of the input signal 1004.

In an embodiment, once the start of the cycle (Is) has
been estimated, the MC 1007 can program the clock or timer
1013 to force the ADC 1005 to start a new burst of samples
(e.g., 32 samples) at Ts. Since the start of the sampling 1s
triggered by the clock or timer function 1013, and not by a
soltware command from the MC 1007, the time-stamp of all
the samples can be accurately recorded. According to one
embodiment, the MC 1007 may estimate the time of the
zero-crossing point (T, ) of the sampled signal 1006. Accu-
rately estimating the time of the zero-crossing point enables
accurate measurement of the load power factor. This may be
the 0° or 180° zero-crossing ol the periodic load signal.
Other embodiments disclosed herein may include estimating
the peak (positive or negative) of the signal; however, due to
the low derivative of a sinusoidal signal around the peak,
such estimate may not be particularly accurate.

In one embodiment, the zero-crossing point (1) estima-
tion may be done by linear interpolation or extrapolation, or
may include more sophisticated and accurate methods such
as non-linear regression or similar methods. For example, 1n
a linear approximation, linear regression can be applied on
the last two samples prior to the zero-crossing, represented
by samples Sa and Sb and times Ta and Tb accordingly, to
find the constants a and b of a linear equation S=a*T+b
representing the part of the signal that i1s close to the
zero-crossing. Applying S=0 will yield T, which 1s the
zero-crossing point. In another embodiment, T, can be taken

10

15

20

25

30

35

40

45

50

55

60

65

12

simply as the time of the first sample where the sample value
changes sign between positive and negative or vice versa, or
the average of the times of the two samples 1n which the
analog signal changes sign, although the latter two may be
less accurate 1f the sampling rate 1s not sufliciently high. In
certain embodiments, estimating the zero-crossing point
with an accuracy of £0.5° may be suflicient for estimating
the power factor, while other embodiments may require
different levels of accuracy.

Without mterrupting the clock or timer operation 1013 (to
avold losing synchronization to the time-stamped samples
and estimated zero-crossing time T,), the SPPS 1000 may
start transmitting a wireless message 1017 to a central
controller (not shown). For that purpose, a radio frequency
(RF) transceiver 1009 1s coupled to the MC 1007 and to an
antenna 1016 to provide one or two-way communication
with a central controller.

In one embodiment, the RF transceiver 1009 supports
transmission only, 1.¢., uplink communication. Moreover, 1t
should be noted that the method 1s designed to enable
accurate power lactor measurement using only an uplink
communication. This advantage avoids activating the SPPS
in recerve mode 1n order to save energy with a self-powered
device. However, the RF transceiver 1009 may include a
receiver portion to support features such as, but not limited
to, sensing for a carrier signal, clock synchronization,
acknowledgement, firmware download, configuration
download, and the like. Typically, this should be an unli-
censed ndustrial scientific medical (ISM) band transceiver,
operative, for example and without limitation, at 2.4 GHz or
sub GHz bands.

Upon determination that a transmission 1s to take place,
the MC 1007 prepares a message 1008 to be transmitted. The
message 1008 1s typically a single packet of data that may
contain various types ol information and includes the
SPPS’s unique 1dentification (UID) which enables a central
controller to positively associate the current data received
with previous data handled by the central controller with
respect of the SPPS 1000. The transmitted message 1008
may include different fields of information. One of those
message lields may be a SYNC field which 1s typically
transmitted following a message preamble. The SYNC field
allows an accurate time-stamping 1015 by the clock or timer
1013 of the message transmission time (1,).

In an embodiment, the message 1008 packet may include,
without limitations, various SPPS status information, hard-
ware version, software version, alerts such as overload,
average current, SPPS temperature, time-stamped samples,
input signal characteristics, power ofl indication, e.g., upon
identification that the load was turned off, and other system
parameters. Such parameters may be saved until such time
of transmission in the MC 1007 memory (not shown). A
cyclic redundancy code (CRC) calculation, forward error
correction (FEC), or data redundancy may be further added
to a packet for data validation at the receiver side.

The various embodiments disclosed herein can be imple-
mented as hardware, firmware, software, or any combination
thereof. Moreover, the software 1s preferably implemented
as an application program tangibly embodied on a program
storage unit or computer readable medium consisting of
parts, or of certain devices and/or a combination of devices.
The application program may be uploaded to, and executed
by, a machine comprising any suitable architecture. Prefer-
ably, the machine 1s implemented on a computer platform
having hardware such as one or more central processing
units (“CPUs”), a memory, and input/output interfaces. The
computer platform may also include an operating system
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and microinstruction code. The various processes and func-
tions described herein may be either part of the microin-
struction code or part of the application program, or any
combination thereof, which may be executed by a CPU,
whether or not such a computer or processor 1s explicitly
shown. In addition, various other peripheral units may be
connected to the computer platform such as an additional
data storage unit and a printing unit. Furthermore, a non-
transitory computer readable medium 1s any computer read-
able medium except for a transitory propagating signal.

As used herein, the phrase “at least one of” followed by
a listing of items means that any of the listed items can be
utilized 1individually, or any combination of two or more of
the listed 1tems can be utilized. For example, i a system 1s
described as including “at least one of A, B, and C.” the
system can include A alone; B alone; C alone; A and B 1n
combination; B and C in combination; A and C in combi-
nation; or A, B, and C 1n combination.

All examples and conditional language recited herein are
intended for pedagogical purposes to aid the reader in
understanding the principles of the disclosed embodiment
and the concepts contributed by the inventor to furthering
the art, and are to be construed as being without limitation
to such specifically recited examples and conditions. More-
over, all statements herein reciting principles, aspects, and
embodiments of the disclosed embodiments, as well as
specific examples thereot, are intended to encompass both
structural and functional equivalents thereof. Additionally, 1t
1s intended that such equivalents include both currently
known equivalents as well as equivalents developed 1n the
future, 1.¢., any elements developed that perform the same
function, regardless of structure.

What 1s claimed 1s:

1. A method for identification of air leaks 1n a compressed
alr system, comprising:

receiving system data including current samples of air

compressors ol the compressed air system from at least
one seli-powered power sensor;

aggregating the system data;

dividing the aggregated system data into a plurality of

clusters;
merging overlapping clusters to reduce the number of
clusters to two clusters, wherein a first cluster repre-
sents a baseload current and a second cluster represents
a full-load current;

determining the baseload current to full-load current ratio
and comparing the ratio to a predetermined standard;
and

determining if an air leak 1s present if the ratio 1s below

the predetermined standard.

2. The method of claim 1, wherein aggregating the system
data further comprises: extracting and averaging air com-
pression current measurements.

3. The method of claim 1, further comprising:

applying noise reduction to the plurality of clusters.

4. The method of claim 1, further comprising:

providing a notification when an air leak 1s determined to

be present.

5. The method of claim 1, wherein dividing the aggre-
gated system data into the plurality of clusters further
comprises: applying a gaussian mixture model (GMM).

6. The method of claim 1, further comprising:

performing a linear regression between the baseload cur-

rent and corresponding time-stamps.

7. The method of claim 6, further comprising;:

determining if a trend of the linear regression 1s above a

predetermined threshold.
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8. The method of claim 7, further comprising;:
determining the air leak when a p-value of the linear
regression trend 1s above a predetermined threshold.

9. The method of claim 1, further comprising;:

segmenting air pipes of the compressed air system 1nto at
least two segments 1f an air leak 1s determined to be
present;

collecting current measurement samples for each segment
over a predetermined period of time; and

determining, 1f the air leak 1s present, which segment
contains the air leak.

10. The method of claim 9, further comprising;:

providing a notification of which segment contains the air
leak.

11. A non-transitory computer readable medium having
stored thereon instructions for causing a processing circuitry
to perform a process, the process comprising:

recerving system data including current samples of air

compressors of a compressed air system from at least
one self-powered power sensor;

aggregating the system data;

dividing the aggregated system data into a plurality of

clusters:
merging overlapping clusters to reduce the number of
clusters to two clusters, wherein a first cluster repre-
sents a baseload current and a second cluster represents
a full-load current;

determiming the baseload current to tull-load current ratio
and comparing the ratio to a predetermined standard;
and

determining 1f an air leak is present 1f the ratio 1s below

the predetermined standard.
12. An apparatus for identification of air leaks 1 a
compressed air system, comprising;:
a processing circuitry; and
a memory, the memory containing instructions that, when
executed by the processing circuitry, configure the
apparatus 1o:

receive system data including current samples of air
compressors of the compressed air system from at least
one self-powered power sensor;

aggregate the system data;

divide the aggregated system data into a plurality of

clusters;

merge overlapping clusters to reduce the number of

clusters to two clusters, wherein a first cluster repre-
sents a baseload current and a second cluster represents
a full-load current;
determine the baseload current to full-load current ratio
and compare the ratio to a predetermined standard; and
determine 1 an air leak 1s present 11 the ratio 1s above the
predetermined standard.

13. The apparatus of claim 12, wherein the apparatus 1s
further configured to: extract and average air compression
current measurements.

14. The apparatus of claim 12, wherein the apparatus 1s
further configured to:

apply noise reduction to the plurality of clusters.

15. The apparatus of claim 12, wherein the apparatus 1s
turther configured to:

provide a notification when an air leak 1s determined to be

present.

16. The apparatus of claim 12, wherein the apparatus 1s
turther configured to:

apply a gaussian mixture model (GMM) on the aggre-

gated system data.
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17. The apparatus of claim 12, wherein the apparatus 1s
turther configured to:
perform a linear regression between the baseload current
and corresponding time-stamps.
18. The apparatus of claim 17, wherein the apparatus 1s
turther configured to:
determine 1f a trend of the linear regression 1s above a
predetermined threshold.
19. The apparatus of claim 18, wherein the apparatus 1s
turther configured to:
determine the air leak when a p-value of the linear
regression trend 1s above a predetermined threshold.
20. The apparatus of claim 12, wherein the apparatus 1s
turther configured to:
segment air pipes ol the compressed air system into at
least two segments 1 an air leak 1s determined to be
present;
collect current measurement samples for each segment
over a predetermined period of time; and
determine, 1f the air leak 1s present, which segment
contains the air leak.
21. The apparatus of claim 20, wherein the apparatus 1s
turther configured to:
provide a notification of which segment contains the air

leak.
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